F emoral arterial access is the most common method of vascular access for coronary angiography and percutaneous coronary intervention (PCI) in the United States. Vascular closure devices (VCDs) have emerged as an effective alternative to traditional mechanical compression after cardiac catheterization since their introduction in the 1990s. Angio-Seal (St. Jude Medical, Inc, St. Paul, Minn) and the Perclose (Abbott Vascular, Santa Clara, Calif) devices remain the most popular VCDs. These devices have the potential to reduce the time to hemostasis, facilitate early patient mobilization, decrease hospital length of stay, and improve patient satisfaction. [1] [2] [3] [4] [5] [6] 
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However, the data on efficacy and safety of these devices is controversial. A number of meta-analyses and prospective randomized and nonrandomized studies have shown variable results. Some studies have shown that these devices are as efficacious as manual compression, 7, 8 whereas others have shown superiority of these devices compared with manual compression for both efficacy 9 and cost minimization despite the upfront cost of these devices, largely based on a lower complication rate with VCD. 10 However, other studies have expressed concern about increased risk of complications with these devices. [11] [12] [13] [14] [15] [16] [17] There are also concerns about excess vascular inflammation and scarring associated with VCDs.
The data on the frequency of VCD failure is not well defined, and the consequence of such failure has not been fully established. Most of the previous data come from smaller studies with significant variation in the results making robust conclusions from these studies difficult. The objective of this study was 2-fold. 1 . To evaluate the frequency of VCD failure in contemporary practice and the implications, with regard to vascular complications, of such a failure. 2. To evaluate the risk of VCD failure in the 2 most frequently used collagen plug-based versus suturebased VCDs.
Methods

Study Population
We prospectively evaluated consecutive patients undergoing cardiac catheterization (either diagnostic or PCI) by femoral access at the Brigham and Women's Hospital between January 1, 2002 and December 31, 2005 . Patients who received either a collagen plugbased (Angio-Seal) or a suture-based (Perclose) VCD were selected for the study, because these were the most frequently used closure devices in our center. Patients presenting with cardiogenic shock or those who required an intra-aortic balloon pump placement during the cardiac catheterization procedure were excluded from the study. Informed written consent was obtained from all patients, and the study was approved by the institutional review board.
Data Collection
A prospective catheterization laboratory database, based on the American College of Cardiology-National Cardiovascular Data Registry definitions, was used to record clinical and procedural elements for each patient. 18 Patients were prospectively followed up for the occurrence of in-hospital vascular complications.
Cardiac Catheterization Protocol
Diagnostic coronary catheterization and PCI were performed according to standard guidelines. Unless contraindicated, all PCI patients received aspirin, clopidogrel, and weight-adjusted heparin therapy according to the standard American College of Cardiology/American Heart Association recommendations. Periprocedural glycoprotein IIb/IIIa inhibitors and/or bivalirudin were used at the discretion of the treating physician. Anatomic landmarks were identified by preprocedure fluoroscopy, and vascular access was obtained through single-wall common femoral arterial puncture.
VCD Protocol
Femoral angiography was performed in all patients before VCD deployment. The type of VCD use was left at the operator's discretion. The collagen-based (Angio-Seal) device and the suturebased (Perclose) VCD were deployed using a standard technique as described by the food and drug administration packet insert. In brief, the Angio-Seal device consists of an absorbable anchor and a collagen sponge connected by an absorbable positioning Dexon suture, whereas the Perclose device consists of a nonabsorbable suture. Ambulation was advised after 2 to 4 hours after closure device deployment. VCD failure was defined as unsuccessful deployment or failure to achieve hemostasis in the laboratory. In patients with VCD failure, hemostasis was achieved by manual compression followed by mechanical compression device usage (FemoStop, Radi Medical Systems, Inc, Wilmington, Mass) as needed. Local lidocaine with epinephrine injection was used as needed to stop oozing from the arteriotomy site. Bed rest was recommended for at least 2 hours after successful deployment of VCD, but in patients in whom VCD failed, bed rest was recommended for at least 6 hours (and depending on the size of the sheath).
Outcome Measures
Patients were followed up for the occurrence of in-hospital vascular complications. Vascular complications included groin bleeding (defined as blood loss at the access site resulting in blood transfusion, increased length of stay, or a drop in hemoglobin of Ͼ3 g/dL), hematoma (size, Ն5 cm), pseudoaneurysm (confirmed by ultrasonography), arteriovenous fistula (confirmed by ultrasonography), retroperitoneal hemorrhage (confirmed by computed tomographic scan), limb ischemia (loss of peripheral pulse requiring vascular or surgical evaluation), or any case requiring vascular access-related surgical intervention. Major vascular complication was defined as any retroperitoneal hemorrhage, limb ischemia, or any vascular access-related surgical intervention. Minor vascular complication was defined as any groin bleeding, hematoma (Ն5 cm), pseudoaneurysm, or arteriovenous fistula. Any vascular complication was defined as either a major or minor vascular complication. The analyses were adjusted for the operator's experience. We defined a high-volume operator as an operator who had performed Ͼ100 VCD deployments.
Statistical Analysis
All analysis was carried out using a standard statistical package (SPSS for Windows, Version 13.0, SPSS, Inc, Chicago, Ill). Continuous variables were reported as mean valueϮSD. Patient groups were compared using Student t test (for normally distributed variable) or the Wilcoxon rank-sum test (for other variables) for continuous variables and 2 test or Fisher exact tests for categorical variables. P value was considered significant at Ͻ0.05. Univariate analysis was performed to determine the clinical and procedural characteristics associated with VCD failure. Univariate variables that were predictive of VCD failure were considered in the multivariate logistic regression analysis. The discriminatory power of the logistic models was measured using the area under the receiver operating characteristic curve, and goodness of fit was measured with the Hosmer-Lemeshow C statistic.
Because of significant differences in key baseline characteristics between participants with successful deployment of VCD and those with VCD failure ( Table 1 and Figure 1 ), we used propensity score matching to assemble a cohort in which all the measured baseline covariates would be well balanced. Propensity score is the conditional probability of having an exposure given a set of measured baseline covariates. 19, 20 Propensity scores for VCD failure were estimated using a nonparsimonious multivariable logistic regression model. 21 In the model, VCD failure was used as the dependent variable, and the 17 baseline characteristics displayed in Figure 1 were entered as covariates. We were able to match 248 patients with VCD failure (92% of the 268 patients with VCD failure) with 248 patients with successful deployment of the VCD who had similar propensity scores by using a greedy matching protocol. We estimated absolute standardized differences for all 17 of the covariates between participants with and without VCD failure to assess prematch imbalance and postmatch balance. 22 Absolute standardized differences directly quantify balance in the means (or proportions) of covariates across the groups and are expressed as percentages of pooled SDs. An absolute standardized difference of 0% on a covariate indicates no between-group imbalance for that covariate, and values Ͻ10% indicate inconsequential imbalance. 22 In the overall cohort, the use of suture-based (Perclose) VCD was associated with a significant increase in the risk of VCD failure compared with the collagen plug-based (Angio-Seal) device (Table 2) . However, given the significant differences in the baseline characteristics of the collagen plug-based group compared with the suture-based group, we assembled a separate propensity score-matched cohort to match the suture-based group with the collagen plug-based group to evaluate the risk of VCD failure.
Results
Among the study cohort of 9823 patients, 8164 patients (83%) had a collagen plug-based VCD and 1659 (17%) had a suture-based VCD deployment. Three thousand nine hundred seventy patients (40%) underwent diagnostic cardiac catheterization, whereas 5853 patients (60%) underwent PCI.
Baseline Characteristics
Among the study cohort of 9823 patients, VCD failed in 268 patients (2.7%), in which 91 patients (2.3%) underwent diagnostic catheterization and 177 patients (3.0%) underwent PCI (Pϭ0.029). The baseline clinical and procedural characteristics of patients with successful deployment of VCD versus those with VCD failure were imbalanced (Table 1) . Patients with VCD failure were older, and were more likely to be diabetic, those with peripheral arterial disease, those undergoing PCI procedure, those with deployment of suture-based VCD, and those with a greater procedural duration compared with patients with successful deployment of VCD (Table 1) .
VCD Failure and Vascular Complications
Compared with patients with successful deployment of VCD, patients with VCD failure had a 4.8-fold higher incidence of any vascular complications, 3.2-fold higher incidence of major vascular complications, and a 5.4-fold increased risk of minor vascular complication ( Figure 1 ). For the individual components of vascular complications, VCD failure was associated with an increased risk of vascular access-related surgical repair (0.7% versus 0.1%; Pϭ0.003), pseudoaneurysm (0.7% versus 0.1%; Pϭ0.008), groin bleeding (0.7% versus 0.3%; Values in parentheses are given in percentage. BMI indicates body mass index; STEMI, ST-segment elevation myocardial infarction; VCD, vascular closure device. Pϭ0.185), arteriovenous fistula (0.4% versus 0.0%; Pϭ0.006), hematoma (4.5% versus 0.6%, PϽ0.0001), retroperitoneal bleeding (0.4% versus 0.3%, Pϭ0.939), and limb ischemia (0.4% versus 0.1%; Pϭ0.036).
In patients undergoing diagnostic catheterization, VCD failure was associated with a significant increase in the risk of any vascular complication (4.4% versus 0.4%; PϽ0.0001) driven mainly by an increase in major vascular complication (3.3% versus 0.2%; PϽ0.0001) and a trend toward increase in the risk of minor vascular complications (1.1% versus 0.2%; Pϭ0.077). On the contrary, in patients undergoing PCI, VCD failure was associated with a significant increase in any vascular complication (7.9% versus 2.1%; PϽ0.0001), driven mainly by an increase in minor vascular complication (7.3% versus 1.4%; PϽ0.0001) with no substantial increase in major vascular complications (1.1% versus 0.8%; Pϭ0.621).
To control for baseline difference in the VCD failure versus VCD success group, propensity score matching was performed with matching of 248 patients with VCD failure (92% of the 268 patients with VCD failure) with 248 patients with successful deployment of the VCD. After matching, all 17 variables showed excellent matching (100% of variables with absolute standard difference of Ͻ10%; Figure 2 ). The baseline characteristic was well matched between the 2 groups (Table 1 ). In this matched cohort of patients, VCD failure was associated with a significant increase in any vascular complications (6.5% versus 1.2%; Pϭ0.002), minor vascular complications (5.6% versus 1.2%; Pϭ0.007), with a trend toward increased risk of major vascular complications (2.0% versus 0.4%; Pϭ0.099).
There was an increased risk of any vascular complication with VCD failure for the overall cohort, after adjusting for significant baseline variables, and in the propensity scorematched cohort and in the propensity-matched cohort, after adjusting for significant baseline variables ( Table 2) . Patients with any vascular complications had a significant increase in the length of stay (4.6Ϯ5.1 days versus 3.5Ϯ6.8 days; Pϭ0.024). This was mainly due to increased length of stay in patients with major vascular complications (5.8Ϯ6.8 days versus 3.5Ϯ6.8 days; Pϭ0.016) with no significant difference in patients with minor vascular complications (3.6Ϯ2.9 days versus 3.5Ϯ6.8 days; Pϭ0.881).
Predictors of VCD Failure
The univariate predictors of VCD failure were older age group, patients with diabetes mellitus, those with peripheral arterial disease, those undergoing PCI, longer duration of the procedure, and those with the usage of suture-based VCD compared with the collagen plug-based device ( Table 3 ). The multivariable predictors were an older age group, those undergoing PCI, and those with the usage of suture-based VCD. Suture-based VCD conferred a 6.6-fold higher risk of VCD failure compared with the collagen-based VCD even after controlling for baseline variables (Table 3 ).
Collagen Plug-Based (Angio-Seal) VCD Versus Suture-Based (Perclose) VCD
Given the increased risk of VCD failure with suture-based device, we performed a formal propensity score matching analysis to match for the propensity to use the suture-based device to evaluate the risk of VCD failure in a matched cohort. The baseline characteristic of the unmatched cohort is described in Table 4 . Compared with the collagen plug-based VCD cohort, the suture-based cohort were older, more likely to have peripheral arterial disease, but less likely to present with myocardial infarction, less likely to be treated with glycoprotein IIb/IIIa, had a smaller size arterial sheath, and were less likely to undergo PCI. The use of suture-based closure device was associated with a 6.7-fold increase in the risk of VCD failure compared with the collagen plug-based cohort ( Table 5 ). The increased risk of VCD failure with suture-based device was seen both in diagnostic cases (6.4% versus 4.3%, PϽ0.0001) and PCI cases (11.1% versus 1.5%, PϽ0.0001), when compared with collagen plug-based device.
The propensity score matching resulted in matching of 1473 (89% of 1659 suture-based VCD patients) suture-based VCD patients with 1473 patients in the collagen plug-based device category (Table 4 ). After matching, there was excellent balance in the baseline variables with 100% of the variables with an absolute standardized difference of Ͻ10% ( Figure 3 ). Even in this matched cohort of patients, the use of suture-based VCD device was associated with a trend (Pϭ0.06) toward a 29% increased risk of VCD failure compared with the collagen plug-based device ( Table 5 ).
Discussion
This study assessed the frequency of VCD failure and the implications of such a failure. The results of this study showed that the risk of VCD failure is rare in contemporary practice, but when it does occur, it is associated with significant increase in the risk of vascular complications. However, it is reassuring that in patients with successful deployment of VCD, the risk of vascular complications was very low.
VCD Failure
VCDs are being increasingly used in patients after cardiac catheterization. VCD reliably shortens the time to hemostasis compared with manual compression and thus allows earlier patient ambulation. 3 In addition, sheath removal by manual compression generally requires the operator to wait for the activated clotting time to reach a level of Ͻ180 seconds, 23 whereas VCD use allows immediate removal of the femoral sheath regardless of anticoagulation status. Although length of stay for PCI patients will not necessarily be reduced by early ambulation (unless same-day PCI is adopted), it can be reduced for diagnostic patients. 24 In addition, for many patients, VCD can allow improved patient satisfaction and comfort related to the avoidance of prolonged sheath insertion and manual compression. 23, 25 Despite these advantages, a small proportion of these devices fail. The failure rate reported for these devices have ranged widely from 1.5% to 20% in contemporary studies. However, the consequence of such failure has not been formally evaluated.
In our large single-center experience, the VCD failure rate was 2.7% and was greater in patients undergoing PCI compared with those undergoing diagnostic cardiac catheterization (3.0% versus 2.3%). The results of this studies shows that VCD failure is associated with up to a 5-fold increase in the risk of vascular complications compared with the group with successful deployment of these devices. This was true even in a propensity score adjusted cohort where patients were matched for known predictors of increased vascular complications including glycoprotein IIb/IIIa use, those presenting for urgent or emergent procedure, arterial sheath size, and those undergoing PCI. Even after adjusting for 17 of these variables, VCD failure was associated with a substantial increase in the risk of vascular complications. In this study, we did not compare the risk of vascular complications with VCD failure with that of manual compression alone. However, extrapolating the results from our previous study suggests that the risk of vascular complications associated with VCD failure (4.4% for diagnostic and 7.9% for PCI) was substantially higher than the risk associated with manual compression alone (1.1% for diagnostic and 4.9% for PCI).
A number of factors might contribute to this excess risk with VCD failure. In patients with VCD failure, VCDs are deployed during full therapeutic procedural anticoagulation (in patients undergoing PCI) whereas manual compression is delayed until coagulation has returned to near normal function, thus increasing the severity of bleeding complications when these devices fail. Moreover, deployment of VCD might instill a false sense of security. It has to be noted that the risk of vascular complications associated with VCD failure was substantially higher compared with manual compression alone even in diagnostic cases as well. In our study, an older age group, those undergoing PCI and those in whom suture-based VCD were used were at increased risk of VCD failure.
Collagen Plug-Based Device Versus Suture-Based Device
The collagen plug-based and the suture-based device differs in many ways. Studies in canine model have shown that the collagen plug closure device produced greater vessel narrowing and periadventitial inflammation (extravascular scarring) compared with suture closure device. 26 The failure rates for these devices from previous studies have been heterogeneous. For the collagen plug-based device, the device failure rate has been reported to vary widely from 1.5% 15 to 15.4%. 27 However, these studies have been small, and the definition of outcomes has been heterogeneous. Similarly, for the suturebased device, several small studies have reported the failure rate to vary between 1.5% 15 and 14.3%. 28 The current analyses extend the findings of several studies that have compared the failure rate of these 2 devices head to head. In the randomized trial comparing compression, Perclose Proglide and Angio-Seal vasoactive intestinal peptide (VIP) for arterial closure after PCI trial, there was a significant higher risk of VCD failure with suture-based device compared with collagen plug-based device (15.9% versus 0.0%; PϽ0.0001). 25 However, the study was limited by the small number of patients (63) who were randomly assigned to the Perclose group. In a large case series of 4525 patients, Applegate et al 29 showed a significantly higher risk of VCD failure with Perclose device compared with Angio-Seal device (5.9% versus 2.9%; PϽ0.05). The current analysis extends these findings to larger cohorts of patients and incorporates propensity score matching to adjust for baseline variables in an attempt to further reduce treatment assignment bias in the comparison of the devices used.
Study Limitations
The data are from a single, high-volume center with an institutional policy of routine VCD use, and hence, the generalizability of our study to other centers is limited. Despite the institutional policy for deployment of VCDs and the propensity analysis reported, unadjusted biases may still remain in this observational data set. In this study, we evaluated in-hospital outcomes only, and hence, late complications may be underestimated.
Conclusions
In contemporary practice, VCD failure is rare both for diagnostic and for PCI, but when it occurs, it is associated with a substantial increase in the risk of vascular complications, higher than the reported rates for manual compression alone. It is reassuring that, in patients with successful deploy-ment of VCD, the risk of vascular complications is very low (Ͻ1.5%). In a propensity-adjusted cohort, there was a trend toward excess failure rate with suture-based device. Patients with VCD failure should be carefully monitored for vascular complications.
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